Introduction: A Weil osteotomy with internal fixation can match the preoperative plan by precisely setting the metatarsal length; however 10 to 30% of patients end up experiencing postoperative stiffness. A percutaneous distal metatarsal mini-invasive osteotomy (DMMO) is a purely extra-articular technique; metatarsal length is set automatically upon weight bearing of the foot. The goal of this study was to compare these two osteotomy techniques when performed on the three or four most lateral metatarsals. Hypothesis: A DMMO will result in better joint motion than a Weil osteotomy. Patients and methods: This was a retrospective, single center, single surgeon study with 72 patients. Group 1 consisted of 39 patients operated by the DMMO technique. Group 2 consisted of 33 patients operated by the standard Weil osteotomy technique. In some cases, a procedure on the first ray (Scarf or fusion) was also performed. The age, gender and procedures on the first ray were comparable for both groups. Patients were evaluated with clinical (AOFAS score) and radiological outcomes (Maestro criteria) at 3 and 12 months minimum follow-up. Results: Sixty-seven patients were seen again with an average follow-up of 14.8 months (range 12-24). The postoperative AOFAS score was comparable in both groups (86.5 and 85.3, respectively). The joint range of motion was comparable in both groups. Static problems (oedema, metatarsalgia, hyperkeratosis and dislocation) were comparable at the last follow-up. The metatarsalgia recurred in four patients from group 1 and five patients from group 2. After 3 months, oedema and metatarsalgia were significantly greater in group 1. Radiological measurements (M1P1 angle, M1M2 angle and Maestro criteria) were comparable. Metatarsal head recoil was identical between each ray in group 1. At the last follow-up, all the osteotomy sites had achieved union. * Corresponding author. 
Introduction
Metatarsalgia is defined as pain in the forefoot under the metatarsal heads. This condition is often secondary to a first ray deficiency, which transfers loads to the lateral metatarsals. The first-line treatment is a functional treatment with plantar orthotics. When this does not provide sufficient pain relief, a surgical treatment is indicated with or without a procedure on the first ray. This treatment is guided by clinical observations and preoperative radiographs. The goal is to restore ideal forefoot morphology.
For many years, our preoperative planning has been based on the criteria of Maestro et al. [1, 2] with weight-bearing radiographs of the forefoot using an anterior-posterior/dorsal-plantar view. A Weil osteotomy is an open head and neck osteotomy [3] . The preoperative plan can be matched by precisely setting the length of the metatarsals with immediate fixation [4] . The drawback is that 10 to 30% of patients experience postoperative stiffness [5] . The distal metatarsal mini-invasive osteotomy (DMMO) is a more recent procedure [6] . This is a neck osteotomy that is purely extra-articular without any internal fixation. The metatarsal lengths are set automatically upon weight bearing through interplay of the soft tissue structures. This procedure should result in less postoperative stiffness than a standard Weil osteotomy. As far as we know, no study has been performed to support these clinical concepts.
The goal of this retrospective study was to compare these two osteotomy techniques using clinical and radiological outcomes. Our main hypothesis was that DMMO will result in less metatarsophalangeal (MTP) joint stiffness than a standard Weil osteotomy.
Patients and methods

Patients
This was a continuous, single center, single surgeon retrospective study.
Inclusion and exclusion criteria
The indication for an osteotomy was metatarsalgia with or without metatarsophalangeal dislocation or claw toe deformity. Metatarsalgia patients where a distal metatarsal osteotomy was performed on the most lateral three or four rays between August 2006 and September 2008 were included. The osteotomy technique was chosen randomly but not by drawing lots. In some cases, a procedure on the first ray was also performed (Scarf osteotomy [7] or metatarsophalangeal fusion). Preoperative planning was systematically performed based on the Maestro radiological criteria [1] . When a shortening osteotomy was indicated for one or two rays only, a Weil osteotomy was systematically performed [3] . This was the only exclusion criterion.
Patients
Seventy-two patients were included in the study. The patients were placed into two groups, depending on the type of osteotomy performed:
• group 1 patients (n = 39) were operated with the DMMO on the three or four most lateral rays (DMMO M2-M3-M4 or DMMO M2-M3-M4-M5). General patient characteristics are given in Table 1 . The age, gender, operated side, associated procedure on the first ray, rate of metatarsophalangeal joint dislocation and morphological parameters were comparable in the two studied groups.
Surgical techniques
In all cases, patients were placed supine with a sterile tourniquet at the ankle.
The Weil osteotomy was performed before any procedure on the first ray. The standard technique was performed using a horizontal approach. Each metatarsophalangeal joint was exposed in a minimally invasive manner between the two extensors tendons without cutting ligaments or lengthening tendons, except in cases of non-reducible dislocation. The osteotomy was based on the preoperative plan prepared according to the Maestro criteria. The osteotomy sites were fastened with a snap-off screw or 2.5 mm cannulated screw (EOS ® ). The distal metatarsal mini-invasive osteotomy ( Fig. 1 ) was performed either before or after the procedure on the first ray. The instrumentation included a N o 11 scalpel blade, a bone rasp specific for percutaneous surgery and a slow-rotation motorized burr (< 10,000 rpm). The percutaneous approach was made through a dorsal stab incision on the medial (or lateral) side of the metatarsals, parallel to the extensor tendon. The rasp was used to create a working space by removing the soft tissue on either side of the osteotomy at the metatarsal neck. The motorized burr was held at an angle (45
• ) relative to the metatarsal shaft at the level of the epiphysis-metaphysis junction. The osteotomy was performed by moving the burr in a circular motion, which first cut the medial cortex, then the plantar, lateral and dorsal cortexes (Fig. 2) Comparison of Weil osteotomy and DMMO 3 suture. For both osteotomy types, a bandage was made up at the end of the procedure using gauze pads between each toe. Strapping to stabilize the metatarsophalangeal joints of the lateral rays in plantar flexion was installed by the surgeon on the 2nd or 3rd postoperative day and kept on for 21 days.
Full weight bearing was allowed immediately in a Sober ® type rigid-sole boot for 4 weeks (if M1 Scarf performed) to 6 weeks (if MTP1 fusion performed). All the patients received 1 g of vitamin C per day for 45 days [8] as a prophylaxis for type I complex regional pain syndrome.
Methods
Patients were evaluated clinically and radiologically before the surgical procedure, at day 21, at the 3rd month and after a minimum of 12 months. If there was no union at the DMMO site at the 3rd month, the patients were seen again at 4 and/or 6 months. 
Clinical evaluation
The AOFAS score [9] for the lateral rays of the forefoot was calculated for each patient before the procedure and after at least 12 months of follow-up. The most damaged ray was noted in the results. Clinical examination data were recorded for each patient at the 3rd month and the last follow-up: metatarsalgia, hyperkeratosis, dislocation, claw toe deformity and oedema. Metatarsophalangeal joint range of motion ( • and 70
• was classified as moderately stiff. Joint range of motion below 30
• was classified as severely stiff. At the last follow-up, patient satisfaction (very satisfied, satisfied, disappointed or dissatisfied) was recorded.
Radiological evaluation
The radiological assessment comprised of weight-bearing radiographs of the forefoot with anterior-posterior/dorsoplantar and lateral views without magnification (100% scale). The metatarsal-cuneiform joint had to be clearly visible [5] . Preoperative planning followed the Maestro criteria [1] . The measurements were done manually before the surgery. The retrospective analysis was performed by digitizing all the radiographs at the same scale (150 dpi) using a VXR-12 plus scanner (Vidar ® ) and then processing the data with Metros ® software. The following measurements were defined in the software and captured in a semi-automated manner: M1P1, M1M2 and M1M5 angle, DMMA, Maestro criteria (index M1, Maestro 1, Maestro 2 and Maestro 3) (Fig. 4) and the average recoil of the metatarsal heads (between the preoperative measurement and measurement at the last follow-up).
Any delay in radiological union of the osteotomy site was also recorded. J. Henry et al.
Figure 2
Distal metatarsal mini-invasive osteotomy (DMMO)-surgical technique. a: metatarsal heads are marked with a skin marker; b: skin incision with a n o 11 blade; c: bone rasp is used to remove soft tissues and create a working space; d: burr applied to medial cortex (slow-rotation motorized percutaneous burr); e: the dorsal cortex is done last by rotating the wrist and placing the burr at 45
• relative to the metatarsal axis.
Statistical analysis
Non-parametric Mann-Whitney and Kruskall-Wallis tests were used to comparable continuous variables in the two groups. Fisher's exact test was used to compare percentages between groups for the category variables. The tests were carried out with Stat View software (SAS ® ). Significance threshold was P < 0.05.
Results
Sixty-seven patients were available for follow-up at an average of 14.8 months (range 12-24). Two group 1 patients and three group 2 patients were lost to follow-up at the last time point. They were excluded from the results analysis.
Complications
There were two cases of delayed union (7 and 9 months) in group 1 and one transfer metatarsalgia onto M5 in each group. No cases of complex regional pain syndrome were observed.
Clinical and function evaluation
The AOFAS score significantly increased (P < 0.0001) ( Table 2 ). In group 1, 34 patients were very satisfied or satisfied and three were dissatisfied. In group 2, 28 patients were very satisfied or satisfied and two were dissatisfied. Oedema and metatarsalgia were significantly more prevalent in group 1 during the evaluation at 3 months postsurgery (Table 3) .
At the last follow-up, there were no significant differences between groups in the clinical data. Oedema, metatarsalgia, recurrence of dislocation and metatarsophalangeal joint range of motion were comparable at the last follow-up (Table 4) . For each lateral ray, metatarsophalangeal motion (dorsiflexion and plantar flexion) was not different between groups (Table 5 ). The level of postoperative stiffness based on the three AOFAS categories was comparable (Table 6 ).
Radiological evaluation Evaluation of the first ray
At the last follow-up, the M1P1 angle was 10.9
• (-7.9; 40) for group 1 patients and 13.7
• (-8; 33) for group 2 patients (P = n/s). The M1M2 angle was 6.7
• (0; 17) for group 1 patients and 5.7
• (0; 20) for group 2 patients (P = n/s). No patient in the case series where a Scarf osteotomy was carried out simultaneously had a recurrence of the hallux valgus (M1P1 angle > 20
• ) (Fig. 5) . 
Maestro criteria evaluation
Measurements of the Maestro criteria at the last followup showed a more balanced distribution in group 2 (Weil osteotomy) than group 1 (DMMO) ( Table 7) . Recoil of the metatarsal heads between the pre-operative measurement and the last follow-up were identical and averaged 4 to 5 mm for each ray in group 1 patients. This recoil was different between the rays in group 2 patients. Since the goal of the planning was to re-establish balance in the forefoot according to the Maestro criteria (Table 8) , the planned shortening could have been different from one ray to another. 
Bone union
All the osteotomy sites (DMMO and Weil) achieved union at the last follow-up. The average time to union was longer in group 1 with an average of 3.7 ± 1.3 months (2.5-9 months) than in group 2 with an average of 1.5 ± 1.2 months (1-4 months) (P < 0.0001). At the 3rd month postoperative, all the group 2 osteotomy sites had achieved union while only 79% of the group 1 osteotomy sites had achieved union (Fig. 6 ). Comparison of Weil osteotomy and DMMO 7
Figure 6
Example of delayed union after distal metatarsal mini-invasive osteotomy (DMMO) (left foot at 3 months).
Discussion
In this study, we did not find any differences between the DMMO and Weil osteotomy procedures in terms of joint stiffness. There were no differences in the AOFAS score and residual metatarsalgia. Conversely, the surgical recovery was longer after a DMMO because of oedema and metatarsalgia in 59% and 24% of patients respectively at 3 months, versus 29% and 7% respectively after the Weil osteotomy. Patients in the DMMO group did not have significantly better motion. Radiology assessments found that the recoil was identical between each metatarsal head ray after the DMMO procedure. Metatarsal head recoil after Weil osteotomy was consistent with the preoperative plan. This study is limited because it was performed retrospectively and the patients were not randomized. All the patients were operated for static metatarsalgia with or without hallux valgus, which could have resulted in a selection bias, however the results analysis only took into account the lateral rays. The statistical power was not high due to the small sample size. Despite the limitations of this study, to our knowledge this is the only study comparing results of a DMMO and standard Weil osteotomy.
The clinical results in both groups at the last follow-up are satisfactory. DMMO provided relief of the metatarsalgia in about 85% of cases. The same number of patients was satisfied or very satisfied. It is difficult to objectively evaluate the functional impact of these procedures. We used the AOFAS score [9] , as it is the most commonly used. The average postoperative score at the last follow-up in our study was 86.5 (range 62-100) in Group 1 (DMMO) and 85.3 (range 63-100) in group 2 (WEIL). These results were comparable to published results of static metatarsalgia treatment with standard Weil osteotomy [4, [10] [11] [12] . The AOFAS score at the last follow-up was 77.6 in the Trnka study [10] and 82.2 in the Devos study [4] . A result of a prospective study with 222 cases of DMMO treatment was published in 2009 in the French association for foot surgery (AFCP) monograph [13] . The score was 92.3 after a 15-month follow-up.
Metatarsophalangeal joint range of motion was comparable between groups at the last follow-up. However a greater portion of group 1 patients (DMMO) had normal mobility (or slight limitation), but this was not statistically significant. Only 2.7% of patients had severe metatarsophalangeal stiffness in this group. In the study by Jardé et al. [14] , the mobility after Weil osteotomy was normal in only 42% of patients. Darcel et al. [13] reported that 86% had normal motion and 0.5% of patients were stiff. Postoperative stiffness could be reduced by avoiding the joint capsule when performing the osteotomy procedure. We cannot confirm this hypothesis in our comparative study, although joint motion overall was noticeably greater after DMMO. In fact, the motion (DF + PF) of the MTP joint was between 67 to 70
• depending on the ray in group 1 and 62
• to 67 • in group 2, but this difference was not statistically significant. Devos et al. [4] found equivalent mobility (DF 46.5
• and PF 13.3
• ) with the Weil osteotomy. It could be that the good joint motion observed after the Weil osteotomies in our study and the one by Devos are not consistent with other published studies because these two teams used a minimally invasive technique to perform the Weil osteotomy.
We found a 2.5% recurrence rate of MTP joint dislocation in the DMMO group and none in Group 2. This is consistent with published series [4, 12] . There was an 8.2% and 8.5% dislocation recurrence rate in the Devos and Vandeputte studies, respectively.
The overall metatarsalgia rate was 14% (five patients) in group 1 and 13% (four patients) in group 2 in our study. There were seven recurrences of metatarsalgia (four in group 1 and three in group 2) and two transfer metatarsalgia (one in each group). These results were comparable to other series (Table 9 ) [4, [11] [12] [13] [14] [15] [16] . Devos and Leemrijse [4] found that metatarsalgia reoccurred in 8.2% of cases and transfer metatarsalgia occurred in 6.8% of cases. Vandeputte et al. [13] reported that transfer metatarsalgia occurred in 11% of the cases. Helal et al. [15] reported a lower rate of transfer metatarsalgia (4% in 310 operated feet), however he was an advocate of the technique. Thus, Tnrka et al. [10] reported that transfer metatarsalgia occurred in 41% of cases in the group operated with the Helal osteotomy technique and none in the group operated with the Weil osteotomy at the last follow-up. At the last follow-up, there was a 20% rate of metatarsalgia recurrence in the Weil osteotomy group. The oedema observed in 59% of group 1 patients at the 3rd postoperative month (with only 24% in group 2 patients) was transient and was completely gone at month 12. This is rarely mentioned in the published literature and seems to be related to the lack of internal fixation with DMMO. Helal et al. [15] reported a 15% rate of residual oedema after osteotomy of the diaphysis without fixation. At the 3rd month, the number of residual metatarsalgia cases was greater in group 1, but was equal to group 2 after 12 months. Similarly to percutaneous osteotomy for the first ray [17] , DMMO seems to result in longer postoperative recovery than standard surgery techniques.
We carried out radiology measurements on all the patients in the series and used the Maestro criteria to evaluate abnormalities in metatarsal length in the horizontal plane. We also measured the recoil in the metatarsal heads between their initial position and position after the surgery. These measurements established that the Weil osteotomy followed the preoperative plan and imparted a more balanced morphology than DMMO after the surgery. These Weil osteotomy results were comparable to those of a population of 50 normal feet studies by Besse et al. [18] . Conversely, after the DMMO, the automatic setting that occurs with weight bearing led to identical metatarsal head recoil, which could be explained by the preservation of the intermetatarsal ligaments. Thus an unbalanced, preoperative morphology remains unbalanced at the last follow-up (Fig. 7) .
Figure 7
Persistence of forefoot imbalance (Maestro criteria) after distal metatarsal mini-invasive osteotomy (DMMO). a: preoperative radiographs: M4M5 hypoplasia and long M2; b: radiographs 5 months after DMMO: the same unbalanced morphology persists.
We found only two delayed unions and no non-unions. Non-union is rare after a Weil osteotomy [4, 11] . They are common after diaphysis Helal osteotomies [19] ; a rate of 17.1% was reported by Helal et al. [15] and 20% by Trnka et al. [11] . When a DMMO is performed, it is important to be positioned in contact with the metatarsal neck in the metaphysis region.
Conclusion
Results of a DMMO for the treatment of static metatarsalgia are comparable to a standard Weil osteotomy. However the postoperative recovery is longer after DMMO, especially because of oedema. There were no cases of non-union, but the time to union with DMMO can be very long. The automatic setting of metatarsal length leads to a persistence of the unbalanced preoperative morphology but relieves pain in most cases. The DMMO did not provide any true advantage in terms of joint range of motion when compared to the Weil osteotomy.
The results of this study led us to change the respective indications for both types of osteotomies. If presented with a metatarsophalangeal joint dislocation or a localized propulsive metatarsalgia associated with a metatarsal imbalance (M2 or M2M3), we continue to use a Weil osteotomy based on radiological planning (Weil M2 or Weil M2M3). We reserve the use of minimally invasive osteotomies (DMMO M2M3M4) to diffuse static metatarsalgia (M2M3M4) with clinical round plantar forefoot without metatarsal imbalance. However the respective role of each of these techniques must be defined with randomized studies.
